Introduction
Malaria continues to burden large parts of the world, despite increased efforts to develop new therapeutic agents.
[1] Among the millions of cases each year there are hundreds of thousands of deaths, mostly in pregnant women and in children under the age of five years.
[1] Protozoan parasites from the genus Plasmodium cause this life-threatening disease. Currently there are relatively few effective drugs that can inhibit Plasmodium parasites, [2] and the emergence of drug resistance threatens the efficacy of these therapeutics. [3] Recently, drug resistance has emerged to artemisinin, which is the current first-line medication for malaria treatment. [4] To address these problems new antimalarial targets and chemotypes are needed, but our limited understanding of Plasmodium biology and lack of suitable tools to explore this biology hinder development.
The malaria parasite requires both an insect vector and a mammalian host to complete its life cycle.
[5] Parasites in their sporozoite form are transmitted to humans by the bite of an infected mosquito. These sporozoites efficiently travel through the dermis and the bloodstream with the goal of finding and infecting liver cells. In the host liver cells, the parasites proliferate and develop into merozoites, the form that infects red blood cells and causes malaria's characteristic symptoms. Comparative proteomics and gene expression profiling have revealed significant differences between liver-and blood-stage parasites; [6] this suggests that both forms have diverse processes that may be targeted. In fact, antimalarial drug screening focused on either the blood [7] or the liver stage [8] typically discovers compounds with stage selectivity. Treating malaria's symptoms requires drugs with blood-stage efficacy, but addressing malaria prevention-and conceivably eradication-requires drugs with liver-stage efficacy.
Protein kinases in both the host and the parasite represent a large protein family with therapeutic potential, but their role in parasite infection remains poorly understood. Unlike human kinases, for which a diverse assortment of commercially available biochemical assays are available, only a few assays exist for Plasmodium kinases. Signal transduction pathways in Plasmodium remain to be elucidated, and only a few phospho-specific antibodies are available to allow for confirmation of intracellular kinase inhibition. Despite these limitations, the importance of kinases in P. falciparum [9] and P. berghei [10] has been demonstrated with genetic approaches. P. falciparum is the Malaria, an infectious disease caused by eukaryotic parasites of the genus Plasmodium, afflicts hundreds of millions of people every year. Both the parasite and its host utilize protein kinases to regulate essential cellular processes. Bioinformatic analyses of parasite genomes predict at least 65 protein kinases, but their biological functions and therapeutic potential are largely unknown. We profiled 1358 small-molecule kinase inhibitors to evaluate the role of both the human and the malaria kinomes in Plasmodium infection of liver cells, the parasites' obligatory but transient developmental stage that precedes the symptomatic blood stage. The screen identified several small molecules that inhibit parasite load in liver cells, some with nanomolar efficacy, and each compound was subsequently assessed for activity against blood-stage malaria. Most of the screening hits inhibited both liver-and blood-stage malaria parasites, which have dissimilar gene expression profiles and infect different host cells. Evaluation of existing kinase activity profiling data for the library members suggests that several kinases are essential to malaria parasites, including cyclin-dependent kinases (CDKs), glycogen synthase kinases, and phosphoinositide-3-kinases. CDK inhibitors were found to bind to Plasmodium protein kinase 5, but it is likely that these compounds target multiple parasite kinases. The dual-stage inhibition of the identified kinase inhibitors makes them useful chemical probes and promising starting points for antimalarial development.
deadliest human malaria strain, and P. berghei is a more tractable rodent malaria strain that is widely used to investigate parasite biology. Although genetic studies with these important malarial species have established several critical parasite kinases (reviewed in ref. [11] ), they have focused on the characterization of genetic knockouts, and no systematic study of the malarial host and parasite kinomes using small-molecule probes has been reported.
Exploring the Plasmodium kinome with small-molecule probes has many advantages. Elucidating the role of protein kinases in vivo in mammalian systems is often complicated by redundancies in protein function, such as those observed in the cyclin-dependent kinase (CDK) protein family. As a consequence, knocking out or knocking down just one gene might not reveal the role of the protein family. Almost all of the current kinase inhibitors in therapeutic use and under development are able to address this issue because they target multiple kinases with similar binding pockets. [12] Additionally, because many of these compounds hit multiple targets the promiscuity creates a polypharmacological approach [13] to reduce avenues for drug resistance. Finally, many kinase inhibitors are being advanced in clinical trials for a variety of disease indications, and compounds that also have antimalarial activity could be repurposed to reduce the cost and time of drug development. Therefore, we completed a malaria screen with a diverse array of kinase inhibitors, including several compounds in clinical trials, to identify chemical probes to evaluate Plasmodium parasite biology and molecules that might potentially be repurposed.
Results
Here we report the screening results for a set of 1358 small molecules that are biased for targeting an array of kinase families. The library was assembled from a collection of publicly disclosed kinase inhibitors developed by Roche and GlaxoSmithKline [14] ( % 50 %), as well as compounds from other companies and in-house synthetic chemistry efforts ( Figure S1 in the Supporting Information), to probe the importance of different kinase families in liver-stage malaria infection. Many library members are derived from new inhibitor classes that were publicly disclosed in 2012, [14] and these diverse molecules targeted over 30 different kinases. Importantly, whereas every member of the library had previously been screened against human kinases, to the best of our knowledge such a collection of kinase inhibitors has neither been compiled nor used to evaluate parasitic processes.
Liver-stage malaria infection in the presence of these compounds was evaluated by means of a high-throughput liverstage malaria screen that utilizes parasites derived from live P. berghei-infected mosquitoes to infect human hepatoma HepG2 cells. [8] Actives were defined as molecules that decreased parasite load in hepatocytes by ! 95 % at a low micromolar concentration as assessed with the aid of transgenic parasites containing a luciferase reporter. [15] Secondary assays included the evaluation of liver-stage malaria inhibition with a different human hepatoma cell line (Huh-7 cells) and an alternative parasite detection method that utilized anti-Plasmodium antibodies with immunofluorescence detection. [16] Active compounds were further characterized to determine dose-dependent activity against liver-stage P. berghei. These dose-response curves were generated for parasite inhibition in both HepG2 and Huh-7 cells, and only compounds that inhibited parasite load in both liver cell lines with IC 50 values below 10 mm were considered hits. This screen identified 31 compounds as inhibitors of liver-stage parasites in vitro with IC 50 values less than 10 mm. The 31 screening hits were subsequently tested to determine dose-dependent activity against blood-stage P. falciparum Dd2 parasites (discussed below).
Each screening hit was tested for liver cell toxicity with two different assays: one that measured protease activity by means of a fluorescence reporter (CellTiter-Fluor) and a second luminescence-based method that measured cellular ATP levels (CellTiter-Glo). Dose-response curves were generated to evaluate general toxicity to the host cell as a possible mode of action ( Figure S2 ). All of the determined IC 50 values were above 10 mm, with the exception of Torin2 inhibition of Huh-7 cells (IC 50 % 3 mm). Torin2 inhibition of liver-stage malaria is significantly more potent (0.039 mm), so cell toxicity cannot account for the compound's antimalarial activity. As shown in Figure S2 , none of the compounds inhibited liver cell viability (HepG2 or Huh-7 cells) at the concentrations used to study parasite inhibition.
Each member of the reported library has previously been profiled for kinase selectivity data or has been reported to inhibit a specific kinase target. Although many kinase inhibitors have activity against multiple kinases, most were designed to target a single kinase family or one specific kinase. The kinase inhibition profiles of the screening hits were used to generate a hypothesis about potential targets (Figure 1 ). On the basis of this analysis, the CDK family was most frequently targeted, followed by the phosphatidylinositol-3-kinase-related kinase (PIKK) and glycogen synthase kinase 3 (GSK-3) families. Importantly the tested library was not biased for molecules targeting these kinase families. The Aurora, vascular endothelial growth factor (VEGF), and Raf kinase families were also the primary targets of multiple chemotypes. The discovery of diverse chemical scaffolds that bind to these kinase families and inhibit malaria supports the prediction that their targets are essential to the parasite.
Dual-stage inhibition
Transcriptional and proteomic data suggest significant differences in the biological processes of the various Plasmodium life stages.
[6] Screening hits were selected on the basis of their activities against liver-stage Plasmodium parasites, and we subsequently generated blood-stage P. falciparum Dd2 dose-response curves as described above. These experiments probe the efficacies of the compounds on more than one stage in the Plasmodium lifecycle. Additionally, P. falciparum is a human-infective malaria parasite whereas P. berghei is rodentinfective. Therefore, testing for inhibition of P. falciparum not only examines dual-stage activity (blood-versus liver-stages), but also interrogates activity against different species (humaninfective parasites versus mouse-infective parasites).
Only a few of the screening hits were selective for liverstage malaria. Figure 2 A shows dose-response curves for the Aurora kinase inhibitor CYC-116, which inhibited liver-stage P. berghei significantly more potently than it did blood-stage P. falciparum. However, most of the kinase inhibitors ( % 75 %) reported inhibit blood-stage malaria at the same level or more potently than liver-stage parasites (Table 1, below). Representative dose-response curves for the CDK inhibitor SNS-032, which was found to be a nonselective inhibitor, are shown in 
Probing the host cell cycle
As obligate intracellular organisms, malaria parasites depend on specific host processes for survival in addition to their own machinery. The determined Plasmodium IC 50 values (0.5-6 mm) are significantly greater than the human CDK IC 50 values previously determined in whole-cell assays (low nanomolar). As a consequence it is predicted that the compounds are binding to human CDKs at effective concentrations, but whether or not this binding inhibits malaria parasites is unknown.
To probe if CDK inhibitors reduce parasite load through interaction with a host target, their activities were measured after incubation with hepatocytes. HepG2 cells will divide every two days under the described culture conditions. Because CDK2 is known to mediate cell division in humans, the inhibition of parasites on a similar timescale would implicate the host target. Liver-stage parasite load was reduced with only a 12 hour treatment with the CDK inhibitors (Figure 2 D) ; this suggests that inhibition of parasites does not correlate with the host cell cycle or inhibition of the host cell cycle by these compounds. The mTOR inhibitor Torin1 and the PI3K inhibitor ZSTK474 were also found to inhibit parasites with only a 12 hour treatment with the inhibitors ( Figure S3 ). Both mTOR and PI3K have multiple roles in host cell cycle progression, and therefore these results provide further support for the view that inhibition of the host cell cycle is not linked to parasite inhibition.
Molecular docking to PfPK5
To provide direct evidence for a parasite target we sought to determine whether the identified CDK inhibitors interact with a parasite protein. Inhibitors of the human CDK family were the most abundant class of compounds identified among the screening hits, and within this group all had activity against human CDK2. In malaria parasites Plasmodium protein kinase 5 (PK5) is most similar to human CDK2 on the basis of sequence analysis. [17] Molecular docking studies were therefore conducted to explore the potential binding of these compounds to P. falciparum PK5 (PfPK5). Crystallographic structures of PfPK5 bound to the CDK inhibitors indirubin-5-sulfonate (1V0O) and purvalanol B (1V0P) have been reported, [18] and these structures were used to dock CDK 1/2 (Figure 3 A) and SNS-032 ( Figure S4 A and B) onto the inhibitor binding site. The docking model predicts that residues Gln84 and Asp85 form hydrogen bonds with the thioamide proton and the primary amine proton on aminotriazole of CDK 1/2, respectively. The docking studies also predict that two hydrogen bonds form with SNS-032 and PfPK5, involving residues Ile10 and Leu82. Molecular docking therefore predicts that these compounds bind to PK5, but this hypothesis needed verification with biochemical studies.
Inhibitor binding to PfPK5
We next tested our hypothesis that known inhibitors of human CDK2 will have activity against PfPK5. To this end, we profiled all commercially available screening hits in a PfPK5 active-sitedirected competition binding assay (DiscoveRx). This assay utilizes DNA-tagged purified protein and a bait ligand to capture protein on a solid support. Protein binding to this support is subjected to competition with 10 mm inhibitor, and then bound protein is quantified by PCR.
Only the identified CDK inhibitors and PIK-75 bound to PfPK5 with K d values of < 10 mm (Figure 3 B) . The CDK inhibitors CDK 1/2, SNS-032, and flavopiridol, as well as PIK-75, were tested at additional concentrations to generate a binding curve. Analysis of the results indicates that CDK 1/2 has a K d of 0.32 mm for PfPK5 (Figure 3 C) . Flavopiridol and SNS-032 bound to the enzyme with K d values of 3.0 and 7.0 mm, respectively. For both compounds, binding to PfPK5 was of the same order of magnitude as liver-stage malaria inhibition. Interestingly, there was significant variability in hit potency of binding to PfPK5 in relation to previously reported inhibition of human CDK2. This observation indicates that these compounds are currently selective for the human enzyme but suggests that agents can be designed to shift selectivity to inhibit the parasite enzyme.
In vivo activity of kinase inhibitors
Cell-based phenotypic assays serve important functions in disease models, but in vivo experiments remain essential to validate activity and to address drug development needs. The current work screened for compounds that inhibited liver-stage malaria in the hope of identifying potential prophylactic agents. Therefore, to test these compounds in an animal model, the drugs were administered before malaria infection. Initial tests with the CDK inhibitors flavopiridol, CDK 1/2, AT-5791 and SNS-032 at a single concentration revealed that SNS-032 had relatively limited toxicity to mice and was more potent than the other compounds in inhibiting liver-stage malaria. SNS-032 was further tested at a single oral dose (75 mg kg b.w.
À1
) administered before malaria infection, and was found to reduce parasite load in mouse livers relative to vehicle controls (Figure 4 A) . This finding is significant because SNS-032 is currently in clinical trials for patients with either chronic lymphocytic leukemia or multiple myeloma.
We decided to test a second screening hit for in vivo efficacy to determine whether inhibitors without CDK activity are also effective in a mouse model system. Within the screening hit set, the Aurora kinase inhibitor CYC-116 had the highest selectivity for inhibiting liver-stage over blood-stage parasites (Figure 2 A) . CYC-116 is currently in Phase I clinical trials in patients with a range of advanced solid tumors. Due to these interesting properties, CYC-116 was chosen for in vivo testing. A single oral treatment of CYC-116 (100 mg kg b.w.
À1 ) before malaria infection significantly reduced parasite load in mouse livers relative to a vehicle control (Figure 4 A and 4 B). There was also a reduction in P. berghei parasitemia relative to the vehicle control after treatment with CYC-116 (Figure 4 C).
Bioinformatics of Plasmodium kinases
Most of the screening hits were designed to target a single protein or protein family. Whereas many compounds target several kinases they often have one primary target. If the primary target was identified from only one hit chemotype it was not studied further because it was considered to be less robust. For primary targets that were identified with multiple chemotypes, the protein sequences were used in a BLAST search to identify the Plasmodium protein with the greatest similarity. Some primary targets yielded no reasonable BLAST results, such as the mammalian target of rapamycin (mTOR), but several searches of other human proteins identified a parasite protein with homology to the known human target. The parasite proteins that were identified are highlighted on a previously constructed [10] Plasmodium kinase tree ( Figure 5 ).
Discussion
The human kinome consists of more than 530 protein kinases, about 2.5 % of the genome, whereas the malaria kinome has 65 predicted members that represent approximately 1.2 % of the parasite genome. [28] Efforts to assign function to malaria proteins have been hampered by a lack of sequence similarity to known proteins, and as a consequence there might be additional Plasmodium kinases. Nonetheless, the current estimate of both parasite and host protein kinases represents a target rich area for therapeutic intervention [11c] that remains to be elucidated. To probe the potential importance of protein kinases in malaria parasite infection, a diverse collection of kinase inhibitors was assembled and used as chemical probes. Screen- À1 CYC-116. C) P. berghei parasitemia in mice after a single treatment by oral administration of 100 mg kg b.w.
À1 CYC-116 (green) or equivalent amount of vehicle as a control (black).
ing this biased library of 1358 kinase inhibitors identified 31 compounds as liver-stage malaria inhibitors. The relatively high hit rate (2.3 %) associated with screening this library underscores the importance of kinases in malaria parasite biology.
Survival of the malaria parasite depends both on its own intracellular pathways and those that occur within the host cell. Because every identified screening hit has a known affinity for host kinases, inhibition of malaria parasites can originate from an interaction with a parasite and/or host factor. None of the identified inhibitors influenced liver cell proliferation in the studied concentration range ( Figure S2 ), but this observation does not exclude an interaction with host kinases. Indeed, many of the kinase inhibitors are known to interact with host kinases at the concentrations used to inhibit liver-stage malaria. For example, CDK 1/2 inhibits purified human CDK2 with an IC 50 of 0.5 nm and inhibits liver-stage malaria with an IC 50 of 470 nm. However there are several lines of evidence to suggest that inhibition of the host CDKs is not responsible for the inhibition of malaria parasites (discussed below).
A previously reported RNA interference (RNAi) study of host kinases showed that knockdown of the genes associated with the primary human kinase targets of the hits does not influence parasite infection. [29] The report identified MET, PKCz, protein kinase lysine deficient 1 (PRKWNK1), serum and glucocorticoid inducible kinase 2 (SGK2), and STK35 as essential host factors for liver-stage malaria (P. berghei) infection, [29] but among these MET was later shown not to be essential for all malaria species (P. falciparum and P. yoelii). [30] Inhibition of the predicted host targets is thus an unlikely mode of action for all of the reported screening hits except the SGK inhibitor GSK650394 (Table 1) . Whereas off-target host interactions are possible for the other hits, most of the compounds inhibit the parasites' blood and liver stages (Table 1) ; together with the inherent differences between erythrocytes and liver cells, this nonselective inhibition supports a parasite target that is essential to both stages. This dual-stage activity also suggests the importance of the target(s) to both rodent and human parasite species. By this reasoning the majority of the compounds are likely to have parasite targets, but this proposal was further tested. Many compounds that target the PIKK kinase family were identified as potent liver-and blood-stage malaria inhibitors (Figure 1, Table 1 ). Half of the inhibitors within this group have mTOR as a primary target, whereas the other half target phosphatidylinositol kinases (PIKs). Torin2, the most potent molecule identified from the screen, is known to inhibit mTOR with an IC 50 value of % 2 nm, and at 10-100-fold higher concentrations it inhibits PI3K, ATM, and ATR kinases. [31] Torin2 inhibits liver and blood-stage malaria parasites with IC 50 values of 40 nm and 1 nm (Table 1) . Recently is was found that Torin2 also exhibits activity against liver-and blood-stage P. berghei in Figure 5 . Phylogenetic tree of P. berghei kinases. Kinases with homology to human kinases targeted by screening hits are highlighted in yellow. Several compounds target human proteins that have no identifiable homologues in Plasmodium parasites (based on sequence analysis). Kinase tree replicated with permission from Dr. Oliver Billker. [10] GSK-3 [19] GW805758X 1.1 [c] n.d. CDK/GSK3b [20] GW780056X 1.1 [c] n.d. CDK [20] PIK AT-7519 5.6 [c] 0.42 CDK CVM-04-089 5.8 > 10 PIM GW405841X 6.7 n.d. cRaf1 [24] SB-610251-B 6.9 n.d. B-Raf [25] GSK237701A 7.0 n.d. PLK1 [26] GSK619487A 7.3 n.d. AKT [27] PPY-A 8. a mouse animal model. [32] Inhibition of blood-stage parasites is of the same order of magnitude as mTOR inhibition, but liverstage parasite inhibition occurs at a concentration 40 times higher. This higher IC 50 value might be due to an interaction with PI3K, ATM, or ATR kinases, or to compound instability in the presence of metabolically active hepatocytes. There is no parasite protein with homology to mTOR, but a parasite phosphatidylinositol-3 kinase (PI3K) has been identified. The P. falciparum PI3K has been shown to be important for hemoglobin digestion, [33] a necessary function during the parasites' blood stages. Hemoglobin digestion is a blood-stage specific process, but on the basis of a proteomic study the protein is expressed during the sporozoite form of P. falciparum. [34] In support of the role of PI3K during the liver stage, inhibitors of the PIKK family were not stage-selective (Figure 2 C) . In fact Torin1, an mTOR inhibitor, and ZSTK474, a PI3K inhibitor, target a process that is essential for both early and late stages of parasite development in the liver ( Figure S3 ). The expression of PI3K in sporozoites and the inhibition of liver-stage parasites by known PI3K inhibitors suggest that the protein has another essential, yet currently undetermined role during the liver stage. Interestingly, the related protein PI4K was recently discovered to be the primary target of imidazopyrazines, a class of potent antimalarials, and this kinase was shown to be critical to bloodand liver-stage parasites. [35] Therefore, the mode of action of these compounds could be through inhibition of PI3K and/or a parasite mTOR-like protein, but this awaits experimental confirmation.
CDKs play essential roles in eukaryotes, including in cell division, cell differentiation, cell morphology, and transcription. Humans have at least 20 CDKs, whereas the parasite has five predicted CDKs. [28] From analysis of the screening data, CDK2-or a CDK2-like protein-is the most likely target of the CDK inhibitors because 100 % of the hits classified as CDK inhibitors are known to inhibit this isoform (Figure 1) . Many of the IC 50 values reported for the CDK inhibitors (Table 1) were determined by antibody staining instead of by the transgenic luciferase reporter, due to complications with the luciferase assay that are specific to inhibitors of this kinase family. Overall, several chemically diverse CDK inhibitors were identified as inhibitors of liver-stage malaria with a range of potencies (midnm to low-mm).
There are several indications that the CDK inhibitors are not functioning through a host target. Firstly, there was no correlation between the previously reported IC 50 values of human CDK2 inhibition in cell-based assays and the potency of liverstage malaria inhibition ( Figure S4 C) , and secondly, knockdown of human CDKs did not significantly inhibit parasite infection of liver cells. [29] Another observation in support of a parasite target is the inhibition of both liver and blood parasite stages for all the identified CDK inhibitors (Figure 2 B and C) . A hostdependent inhibitor would likely have varying activity against parasites within erythrocytes versus liver cells. Additionally, there is a % 1000-fold difference in potency between compound inhibition of malaria parasites and inhibition of human CDKs, thus suggesting that binding to host kinases is not responsible for parasite inhibition. Finally, there was no correlation between the host cell cycle and liver-stage malaria viability (Figures 2 D and S3) . Liver-stage malaria parasites have a much faster proliferation rate ( % 10 000 parasites in two days) than HepG2 cells. Their extraordinary proliferation rate likely makes processes involved in the parasite's cell cycle especially susceptible to disruption by small-molecule compounds. Liver cells in vivo have a much slower proliferation rate than HepG2 cells; this suggests there could be a large therapeutic window for compounds that target the cell cycle.
All of the commercially available screening hits were tested for their ability to bind to the P. falciparum PK5, a predicted cyclin-dependent kinase that is homologous to human CDK1 and CDK2. Only four compounds significantly bound to the enzyme at 10 mm, and three of these compounds were CDK inhibitors (CDK 1/2, flavopiridol, and SNS-032). This observed selectivity within the screening hits suggests that binding to human CDK1/CDK2 is a predictor for activity against PfPK5, and supports using affinity to human proteins to predict possible parasite targets. Although these observations support the proposal that the parasite PK5 is a target for these compounds, there are many factors that suggest these inhibitors have more than one target.
An important feature for future drugs that target malaria kinases will be selectivity for parasite proteins over host homologues. Although this work identified several molecules with antimalarial activity in vitro, engineering selectivity remains an important task. The identified CDK inhibitors are currently selective for host proteins; this highlights differences between the two proteins. This selectivity suggests that molecules with parasite selectivity could also be designed. Developing selectivity is challenging, but there have been notable successes: parasite GSK-3 [36] and dihydroorotate dehydrogenase. [37] Confirmation in an animal model is an important validation for the inhibitors identified by this phenotypic screen, because compounds identified with high-throughput screening often fail to exhibit in vivo activity. To test whether or not these molecules exhibit in vivo efficacy, two were chosen for experiments in a mouse malaria model system. These drugs were administered before malaria infection to evaluate their potential as prophylactic agents. CDK inhibitors were of particular interest because they represented the class of proteins most abundantly targeted by the screening hits. An initial test with four different CDK inhibitors revealed that SNS-032 had the greatest efficacy and lowest toxicity; this was not unexpected because SNS-032 is in clinical trials and was optimized for favorable pharmacokinetic and pharmacodynamic properties during its development. Here it was observed that a single treatment of 75 mg kg b.w.
À1 before infection reduced parasite load in the liver relative to the vehicle control (Figure 4 A) . Genetic studies have shown that deletion of PK5 in P. berghei produces no obvious phenotype, [10] but the protein is thought to be essential for blood-stage proliferation in P. falciparum. [9] We found that SNS-032 inhibits PK5 and exhibits activity against malaria in a mouse model. Although these results might seem contradictory, they most likely suggest that the observed phenotype in mice and cell culture is the result of the interaction of CDK inhibitors with more than one kinase. This proposal might also be supported by the dual-stage inhibition exhibited by the identified kinase inhibitors.
In addition to the CDK inhibitors, the drug CYC-116 was also chosen for testing in the mouse model system. CYC-116 is an Aurora kinase inhibitor in clinical trials that is unique in this study for its selective inhibition of liver-stage parasites (Figure 2 A) . With a single treatment of 100 mg kg b.w.
À1 before infection, parasite load in both liver and blood parasitemia were reduced relative to the vehicle control (Figure 4 B and C) . These results demonstrate that molecules identified with the highthroughput screen have in vivo liver-stage malaria efficacy and suggest that SNS-032 and CYC-116 have potential as therapeutics to prevent malaria. Current therapies largely function through inhibition of dihydrofolate reductase, the cytochrome bc1 complex, isoprenoid precursor biosynthesis, and hemozoin formation. Resistance to drugs targeting these systems has already been reported, thus necessitating the development of new strategies to inhibit Plasmodium parasites. Small-molecule inhibitors targeting parasite dihydroorotate dehydrogenase, [38] ATPase, [39] and lysyltRNA synthetase, [40] to name but a few, are currently being explored. There are advantages to having a drug with multiple modes of action for malaria treatment; these include the potential to limit the development of parasite drug resistance and to obtain multistage inhibition. Recent efforts to overcome malaria drug resistance have focused on the development of hybrid molecules, coupling two inhibitors with distinct modes of action. However, polypharmacology, using multiple modes of action to treat disease, presents another strategy, as demonstrated by the success of several kinase inhibitors in cancer treatment. The multikinase inhibitor Nexavar is a popular example of this success. Nexavar was tested for inhibition of liver-stage parasites to explore further the possibility that clinically used drugs that exhibit polypharmacology might yield new antimalarials. At a low micromolar concentration Nexavar completely inhibited parasite load in liver cells, thus highlighting the potential to identify malaria inhibitors within multipleaction drugs.
Bioinformatic analysis identified Plasmodium kinases with homology to the primary human targets of the reported screening hits. Although Plasmodium proteins often have notable distinctions from other organisms, sequence similarity to proteins with known function was used to annotate the genome. [41] The use of eukaryotic model systems, such as yeast, has also proven to be useful for target identification. [40] Therefore, despite differences between human and parasite kinases, sequence similarity remains an important route to evaluate the molecular target(s) of a compound. By use of a BLAST search, ten different kinases were identified as potential targets on the basis of their sequence similarity to known human targets. Not all BLAST queries yielded useful results, because some of the human proteins have no known parasite homologue. Using a previously reported phylogenetic tree of P. falciparum kinases, [10] we have highlighted proteins that might be targets of the screening hits, on the basis of their sequence similarity to the primary human targets of the compounds ( Figure 5 ). Kinase inhibitors remain a rich area for malaria drug development, and Figure 5 indicates as many as ten parasite proteins that might prove to have essential roles in parasite signaling pathways upon further investigation with chemical biology methods.
It is worth noting that several Plasmodium kinases with only limited homology to human proteins exist. These atypical kinases also represent promising drug targets because they may be inhibited without affecting a host homologue. The library members used in this work, as well as many chemical tools for studying human kinases, cannot be used to study malaria's atypical kinases and therefore our approach to predict kinase targets ( Figure 5 ) excludes these proteins. Further biochemical investigations into the predicted targets of this study, as well as into Plasmodium atypical kinases, might shed light onto the biological roles of these proteins.
Conclusion
The successful inhibition of malaria in mice by kinase inhibitors supports the validity of phenotypic malarial screening and emphasizes the potential for further development of the identified compounds. Previous liver-stage malaria screening of more diverse libraries revealed that many compounds selectively inhibit one parasite form, a result that was not reflected in Plasmodium kinome inhibitors. In fact, the majority of the kinase screening hits had blood-and liver-stage efficacy, indicating an essential role of the corresponding protein kinases for both parasite forms. Several challenges exist in further characterizing inhibitors that target plasmodial kinases. It is likely that these compounds target several proteins, and unlike human kinases for which a diverse assortment of biochemical assays are commercially available to address inhibitor selectivity, only a few assays exist for plasmodial kinases. Signal transduction pathways in parasites are poorly characterized, and there are few phospho-specific antibodies that allow for confirmation of intracellular kinase inhibition. With the relatively limited resources for malaria research and the enormous effort of many researchers to develop kinase inhibitors, drug repurposing is an attractive route for drug development. Many kinase inhibitors in clinical trials target more than one protein. Targeting the parasite kinome through polypharmacology is an attractive option for malaria drug development. Not only does this strategy present a cheaper route to drug development, but the inhibition of multiple targets could also delay the emergence of drug resistance. Finally, these findings suggest that drug screening with a focus on kinase inhibitors might be an effective route to identifying probes to elucidate Plasmodium kinase function, which remains an interesting yet complex challenge.
Experimental Section
Materials: HepG2 cells (ATCC) were maintained in DMEM (Invitrogen), FBS (Sigma, 10 %), and antibiotic/antimycotic (Invitrogen, 1 %) in a standard tissue culture incubator (37 8C, 5 % CO 2 ). Plasmodiuminfected Anopheles stephensi mosquitoes were purchased from the New York University Langone Medical Center Insectary.
Library screening: Compounds tested were the kinase inhibitors from the GSK Published Kinase Inhibitor Set (PKIS, 367 members tested at 11 mm), Roche (235 members tested at 11 mm), the Library of Integrated Network-based Cellular Signatures (LINCS, 88 members tested at 1.3 mm), [42, 42, 38, 37] and previously reported synthetic compounds (668 tested at 3.6-10 mm). The EMD Kinase Inhibitor 1 library (244 members) was tested previously. [8] Among the compounds tested only WZ12-051 ( Figure S1 A) has not been previously reported, but it is structurally similar to WZ4002. [43] LC-MS and 1 H NMR characterization of this compound is in the Supporting Information (Figure S1 B and C, respectively).
For assays, HepG2 cells (15 000 per well) were added to 384-well microtiter plates in duplicate. After 18-24 h at 37 8C the medium was exchanged, and compounds (100 nL) were added to the plates with the aid of a pin array on a robot arm. The final concentration of DMSO was 0.3 % (v/v), and compounds were between 1.3-11 mm. Atovaquone or halofuginone (1 mm) were used as positive controls for parasite inhibition. After 1 hour, luciferase-expressing P. berghei ANKA parasites [15] obtained from freshly dissected mosquitoes were added to the plates at 4000 parasites per well, and the plates were spun for 10 min at 1000 rpm and then incubated at 37 8C. The final assay volume was 30 mL. After 42-47 h at 37 8C the parasite load and HepG2 viability in the presence of the compounds was assessed. To examine HepG2 viability, CellTiterFluor (Promega) was added to the plates, and fluorescence was measured. After the HepG2 viability reading, Bright-Glo (Promega) was added to the plates, and luminescence, which correlates with parasite load, was measured. The relative signal intensity of each plate was evaluated with an EnVision (PerkinElmer) system. Data analysis was carried out with GraphPad Prism, and all results are given as means AE SDs.
Secondary assays: Blood stage assays were performed as previously described, [44] and a hemolysis assay was also carried out as a control. Additionally, several secondary assays were performed to confirm screening actives. Firstly, dose-response curves for inhibition of P. berghei parasite load in Huh-7 cells were generated for all compounds with utilization of transgenic parasites with a luciferase reporter. Secondly, parasite load in HepG2 cells after P. berghei infection was assessed by immunofluorescence. [16] Briefly, 45 h post-infection, cells were washed three times with phosphate-buffered saline (PBS) and then fixed with formaldehyde. The primary antibody was 2E6 against P. berghei heat-shock protein 70, [45] and the secondary antibody was conjugated to Alexa Fluor 488 (Invitrogen). Parasites and cells were visualized and quantitated with an IsoCyte Laser Scanning Cytometer (Molecular Devices). Compounds that did not inhibit parasite infection of Huh-7 cells or were not reproducible between luciferase and immunofluorescence detection systems were not considered hits. Lastly, time-course experiments were completed by adding hits (10 mm) 2 h before or 3, 8, and 24 h after sporozoite addition to HepG2 cells. All parasite levels were measured % 48 h post-infection with an EnVision system.
PfPK5 assays: Identified liver-stage inhibitors were tested for activity against recombinant PfPK5 at 10 mm by use of an active-site-directed competition binding assay by DiscoveRx Bioscience with KinomeScan Technology. The assay utilizes DNA-tagged protein and a bait ligand to capture protein on a solid support. Kinase binding to this solid support in the presence and in the absence of test compounds is quantified by PCR. The assay is done in the absence of ATP and thus measures a dissociation constant. Compounds that showed binding at 10 mm were selected for K d determination (DiscoveRx).
Molecular modeling/docking: Two ligand-bound structures of PfPK5-1V0O and 1V0P [18] -are in the Protein Data Bank. [46] The ligand-binding site, as identified by the position of the ligand in the crystallographic structure, is isolated to a single monomer chain, so only a single chain was needed for further analysis. Comparison of the chains' structures showed that they are effectively identical for each PDB structure, so chain A was selected. Computations were done with Schrodinger Suite 2012 and with visualization performed in Maestro (Schrçdinger, version 9.3). Each structure was prepared for docking independently with the aid of Schrodinger's Protein Preparation Wizard [47] with the default parameters, which resulted in all water molecules being removed. Ligands were prepared by use of LigPrep (Schrçdinger, version 2.5), and docking was performed for crystallographic structure ligands, as well as the screening hits CDK 1/2 and SNS-032. For the crystallographic structure ligands, preparation was carried out both with the 3D structure of the ligand as is and by generating input structures from SMILES strings. For CDK 1/2 and SNS-032, input structures were generated from SMILES strings. Docking was performed with Glide (Schrçdinger, version 5.8) [48] in XP mode [49] with default parameters. Receptor grids were generated by using the default parameters, and images were generated in PYMOL.
Mouse studies: Male C57BL/6 mice, aged 6-8 weeks and each weighing 20-22 g, were purchased from Charles River and housed in the pathogen-free facilities of the Instituto de Medicina Molecular, Lisbon. Compounds were dissolved in DMSO and further diluted to the final concentration in drinking water. Mice received 200 mL of compound solution per mouse (CYC-116: 100 mg kg À1 body weight; SNS-032: 75 mg kg À1 body weight), administered orally by gavage 1 hour before infection. Control groups received an equivalent amount of vehicle. Infection was performed through intravenous injection of 1 10 4 P. berghei-luciferase sporozoites. Parasite loads in the livers were determined 42-44 h after infection with an in vivo Imaging System (IVIS 100 and Spectrum, Caliper Life Sciences). [15] Statistically significant differences between groups were analyzed by using the Mann-Whitney test. All in vivo protocols were approved by the Animal Care Committee of the Instituto de Medicina Molecular and were performed according to the regulations of the European guidelines 86/609/EEG.
